Mitosis in the marine red alga Lomentaria baileyana (Rhodymeniales, Rhodophyta) was studied with the electron microscope. Nucleus associated organelles known as polar rings (PRs) migrate to establish the division poles at prophase. At prometaphase, shallow invaginations in the nuclear envelope (NE) form on two sides of each PR and soon rupture. The gaps that are consequently formed contain several small fragments of NE. A larger region of NE remains intact between the two gaps. By metaphase several cisternae of perinuclear endoplasmic reticulum (PER) have enclosed most of the nucleus but remain absent from the polar regions. The nucleolus disperses partially and a typical metaphase plate of chromosomes is formed. Each PR has disjoined into separate proximal and distal portions. MTs converge widely on all regions of the polar area, but do not extend into the cytoplasm. Some MTs end near or at the chromosomes while others extend slightly farther past the chromosomes or diagonally to the NE. As chromosomes move to opposite poles at anaphase, they are accompanied by nucleolar material. An interzonal midpiece (IZM) is created as the pole to pole distance increases and the NE remains intact except for the polar gaps. Following detachment from the IZM, the daughter nuclei are separated by a large central vacuole as a cleavage furrow develops and eventually constricts to form two cells following pit connection formation. It is suggested that mitosis in Lomentaria represents an evolutionary intermediate between that seen in the higher and lower groups of red algae. This conclusion is in agreement with conventional morphological and light microscopic criteria used to place Lomentaria in the Rhodymeniales, which is considered to be the next to most advanced order in the Rhodophyta.
Introduction
In recent years ultrastructural investigations have revealed several features that may assist in clarifying * Correspondence and Reprints: Department of Biology, College of William and Mary, Williamsburg, VA 23185, U.S.A. phylogenetic relationships O f red algae (division Rhodo~ phyta). Comparative studies on chloroplasts (HARA and CHIARA 1974) , dictyosomes (ScoTT 1984) , postfertilization development in female plants (DELIVOPOULOS and KUGRENS 1984) , pit connections (PuEsCHEL and COLE 1982) and cell division (ScoTT 1983) have demonstrated the potential of transmission electron microscopy in taxonomic considerations.
Within the subclass Florideophycidae, mitosis has been investigated in only one genus in one of the less advanced orders, the Nemaliales (ScoTT 1983) , and in several genera in the most advanced order Ceramiales (CHARLESTON 1984 , DAVE and GODWARD 1982 , McDONALD 1972 , PHILLIPS and SCOTT 1981 , SCOTT et al. 1980 . The object of this study, Lomentaria baileyana, is in the order Rhodymeniales, which has three families: the
Rhodymeniaceae, Champiaceae
and Lomentariaceae (KRAFT 1981) . Lomentaria baileyana is seasonally found in the coastal waters of Virginia but can be collected only with difficulty due to a relatively sparse occurrence. Because theRhodymeniales is generally considered the next to most advanced order of the Florideophycidae, this study is desirable to see if mitosis is conservative or variable within the higher red algal orders.
Materials and Methods
Sterile specimens of Lomentaria baileyana (Harv.) . Farlow were collected in shallow channels near Wachapreague Inlet, VA by trawling from a small boat in early autumn. They were immediately transported to the laboratory and maintained in equal volumes of culture medium (yon STOSCR 1964) and filtered sea water. Small, robust plants were kept in half filled four liter flasks on a shaker table under a I4 : I0 light : dark photoregime for three days at 22 ~ Two hours into the light period of the fourth day, the algae were fixed for two hours in 2% glutaraldehyde in 0.1 M phosphate buffer at pH 6.6 with 0.25 M sucrose. Postfixation was in 1% osmium tetroxide in the same buffer for 1-2 hours. A five minute rinse in 50% acetone was followed by an overnight stay in a 2% uranyl acetate--70% methanol solution at 4~ Dehydration was completed in acetone and the specimens were infiltrated and embedded in Embed 812 (Electron Microscopy Sciences). Thin sections were collected on empty onehole grids, stained for less than one minute in lead citrate, rinsed on water drops and transferred to formvar-coated one-hole grids for photography in a Zeiss EM 9 S-2 electron microscope. Thick sections (0.5 gin) were stained with toluidine blue for photography with a Zeiss Photomicroscope II using bright field optics.
Results

Light Microscope Observations
Lomentaria baileyana is a hollow, tubular alga that can grow to 10 cm in length. It has an irregular branching pattern and exhibits multiaxial growth. Light microscope observations of longitudinally sectioned tip regions ( Fig. 1 ) reveal chains of greatly elongated cells that border a central cavity. These filaments of unlimited growth originate from a cluster of apical cells at the tip region. Bordering the outside of these chains are filaments of limited growth that form the cortical region. Elongated axial cells and older cortical cells are multinucleate and contain large central vacuoles. Apical cells and adjacent young cortical cells lack large vacuoles, and have a single central nucleus 3-5 gm in diameter. Division was observed in these latter two cell types.
Electron Microscope Observations
Interphase and Prophase
This is the first ultrastructural study done on the genus Lomentaria using modern fixation techniques, (see BoucK 1962, for a general ultrastructural study which utilized permanganate fixation). In mitotically active apical and young cortical cells (Fig. 2) , the nucleus contains a dispersed chromatin network with a large nucleolus. Two nucleus associated organelles (NAOs), similar in morphology to the polar rings (PRs) described in Apoglossum (DAVE and GODWARD 1982) , Membranoptera (McDoNALD 1972) , Polysiphonia (ScoTT etaL 1980) , and Dasya (PHILLIPS and SCOTT 1981) , are present in both quiescent and mitotically active cells and were found in various stages of migration at the onset of prophase (Fig. 3) . PRs in Lomentaria are short, hollow electron dense cylinders, 120-140 nm in diameter and 40-60 nm in height. As in all studied higher forms of red algae, they are composed of closely associated proximal and distal portions (see SCOTT et al. 1980 for a more thorough description), and are always found with their longitudinal axis oriented perpendicular to the nuclear envelope (NE) . A small ribosome-free zone surrounds the PRs as they migrate to establish the division poles and a faint line of unknown material extends from each PR over a portion of the surface of the nucleus (Fig. 3) . A few microtubules (MTs) are found both in the exclusion zone and along the NE. Directly beneath each PR is a nuclear envelope protrusion (NEP), typical of all investigated higher forms of mitotic red algal cells (DAVE and GODWARD 1982, SCOTT 1983) . The regions of NE to either side of the PR are dense with nuclear pores, whereas the NEP remains pore-free. Transverse sections of PRs reveal enclosed circular membranous structures (Fig. 6 ). When viewed in longitudinal sections, the projection through the PRs appears to be an extension of the outer membrane of the NE (Figs. 3, 5, and 9) . In some sections, a narrow tubular extension of smooth endoplasmic reticulum appears continuous with this projection. Once the PRs have completed their migration establishing the division axis, the zones of Figs. I-6 exclusion enlarge. Chromatin begins to condense more noticeably while the nucleolus remains distinct.
Mitochondria begin to collect close to the poles while small vacuoles form near the nucleus.
Prometaphase
During late prophase-early prometaphase, the nucleus changes from a spherical to a more oval shape. The NE becomes flattened at the poles and the zones of exclusion enlarge (Fig. 4) . Nuclear pores increase in density at the sides of the NEP. Chromatin continues to condense as the nucleolus starts to disperse. One or two cisternae of perinuclear rough endoplasmic reticulum (PER) partially envelope the nucleus but do not surround the polar regions. As prometaphase proceeds, invaginations or pockets of the NE that are largely pore-free form on at least two opposite sides of each polar ring. Figs. 7 and 8 show two of a series of sections of a nucleus found at this stage of prometaphase. These pockets, in which MTs were possibly absent, do not penetrate deeply before rupturing. The nucleus in Fig. 9 shows one of the two gaps, with the associated PR now separated slightly into proximal and distal portions. At this time the chromosomes, apparently fully condensed, are randomly distributed throughout the nucleus. Distinct kinetochores were not observed at this stage of mitosis (see Fig. 12 for best observation). Four cells, all very similar to the one shown in Fig. 10 , were seen in late prometaphase. The nucleus has become more elongated and the polar gaps have widened as numerous MTs are seen within the nucleus. At the polar regions, some portions of the NE from the ruptured pockets are seen inside the nucleoplasm, while one prominent NE segment remains in each polar gap midregion (not seen in Fig. 10 ). Chromosomes begin to congress toward the nuclear midregion, and the nucleolus has dispersed further but remains discernable.
3.2.3. Metaphase Fig. 11 shows a typical metaphase equatorial plate. What had been an elongated nucleus during late prometaphase has now developed a pronounced bulge in the middle which accommodates the chromosomes, so that the pole to pole distance has become shorter than the distance across the metaphase plate. Twentytwo metaphase nuclei were observed, about half of which were at least partially serially sectioned. However, only two metaphase nuclei with PRs were found (not shown because of lead contamination). One was cut tangentially in such a way to reveal the proximal and distal portions of the PR positioned above a central polar fragment of NE. The distance between the portions was greater than that seen in prometaphase ( Fig. 9 ) and appears similar to that reported in Polysiphonia and Dasya (PHILLIPS and SCOTT 1981, SCOTT et al. 1980) . One or two fragments of NE can be seen at the polar regions in some planes of section, whereas in adjacent sections of the same cell, the poles appear as a large gap devoid of any obvious NE fragments. The NE fragments in the nucleoplasm at prometaphase are no longer present. MTs converge widely on all regions of the polar area, but do not extend out into the cytoplasm. Some MTs end near or at the chromosomes while others extend slightly farther past the chromosomes or diagonally to the NE. Mitochondria, appearing to provide a partial boundary between nucleoplasm and cytoplasm, closely line the poles. Vacuole formation continues and one to three cisternae of PER envelope the NE at metaphase, although at the poles this close juxtaposition is lost. Fig. 7 . Location of first invagination marked by arrowhead and PR location is marked by an arrow, x 37,000 Fig. 9 . A mid-prometaphase pole with a ruptured invagination to one side of the PR. The PR has separated slightly into its proximal and distal portions (arrowheads indicate the proximal and distal portions as seen on just one side of the longitudinally sectioned PR). Note the extension of the NE outer membrane through the PR and the small break in the NE to the other side of the PR. x 37,000 
Anaphase--Telophase--Cytokinesis
As the chromosomes begin moving to oppposite poles at the onset of anaphase, fragments of the nucleolus accompany them (Fig. 12) . The chromosome to pole movement appears to occur slightly before most of the spindle elongation. A conspicuous interzonal midpiece (IZM) containing MTs is at first wide and bulges slightly at the metaphase plate region. As the polar regions move farther apart, the IZM lengthens and decreases in diameter (Fig. 13) . Although six anaphase nuclei from early-mid anaphase to late anaphase-early telophase were observed, no PRs were found. As poles continue to move apart, the associated mitochondria become pushed near opposing regions of the cell membrane. The vacuoles reposition themselves near the IZM and most likely coalesce. Chromosomes and a granulo-fibrillar (nucleolar?) material are restricted to each pole at late anaphase (Figs. 13 and 14) . The polar regions are still characterized by two conspicuous gaps (Fig. 14) . Vacuole(s) later move between the two forming daughter nuclei and the NE eventually cuts offeach new nucleus from the IZM (Fig. 15) . The NE at the polar areas also reforms at this time. The beginning of a cleavage furrow, not seen until this late point in telophase, appears at the cell periphery (Fig. 15) . Many late telophase cells were observed, and, depending on the plane of sectioning, a large central vacuole, remnants of the IZM and PER or just PER remnants are always found between the daughter nuclei . In apical cells located slightly peripheral to a branch's longitudinal axis, the nuclei are not positioned at the Cell's ends. Instead, they are situated diagonally in relation to the longitudinal cell axis (Figs. 17 and 18) . Likewise, cleavage furrows in these cells do not form perpendicular to the longitudinal axis but are angled relative to the nuclei. In contrast, Fig. 2 shows a centrally located apical cell with nuclei located at the opposite ends of the cell, with a cleavage furrow just starting to form roughly perpendicular to the cell's longitudinal axis. When apical cells on either side of the central-most cells are cleaved at an angle, the chain of new daughter cells forms an arc that eventually straightens, and the filament becomes aligned with the overall longitudinal plant axis. (BoucK 1962 also noted this phenomenon.) Nuclear zones of exclusion are greatly diminished in the daughter cells. Unfortunately, the behavior and morphology of the PRs at this point was not determined; only one portion of a PR was found near a single daughter nucleus. The nuclei assume a more spherical shape and nucleoli become more prominent. The vacuole separating the daughter nuclei is bisected by the cleavage furrows and portions remains within each daughter cell. Before total partitioning occurs, a pit plug is formed in the narrow septum that connects the two cells. Fig. 19 shows the beginning of plug formation as parallel ER cisternae associated with electron dense material transect the septum, as reported for other red algae (see AGHAJANIAN and HOMMERSAND 1978, and RAMt:S 1969 for details of pit plug formation).
Discussion
The Rhodophyta is characterized to date by three basic types of mitosis: the Polysiphonia, Batrachospermum and Porphyridium types (SCOTT 1983) . The Rhodymeniales is only the thirdflorideophycean order in which a comprehensive ultrastructural study of cell division has been done. The Polysiphonia type of mitosis is conserved throughout the most advanced order, the Cerarniales, whereas Batrachospermum, the only florideophycean genus previously investigated outside of the Ceramiales, shows a fairly different type of mitosis. Lomentaria, although most closely resembling the Polysiphonia type, shows several unique features and displays some similarities to the Batrachospermum and Porphyridium types of mitosis. In Lomentaria, the PRs are similar in structure and behavior to those observed in Apoglossum (DAVE and GODWARD 1982) , Membranoptera (McDoNALD 1972) , Dasya (PmLLWS and SCOTT 1981) and Polysiphonia (ScoTT et al. 1980) . The PRs of Lomentaria are similar in diameter (120-140nm) to PRs found in Dasya and have a height (40-60 nm) quite similar to Polysiphonia PRs (50-60 nm). In addition, by prometaphase PRs of Lomentaria split into their proximal and distal halves, as documented also in the Ceramiales species.
The membranous structure projecting through the interphase, prophase and prometaphase PRs is unique to Lomentaria. Seen in all transverse sections and in some longitudinal planes of section, it appears to be an extension of the outer membrane of the NE, resembling somewhat a smooth ER tubule. The functional significance of this organelle association in Lomentaria remains uncertain but might possibly be of taxonomic value should this not be a unique observation. PER is present around the entire nucleus and over the polar regions from metaphase through telophase in all the florideophycean species studied previously, but is absent in the two investigated unicells Porphyridium (SCHORNSTEIN and SCOTT 1980) and Flintiella (ScoTT, in press ). In Lomentaria there is a well developed, extensive network of PER similar in amount to that found in Dasya. However, in contrast to these other florideophycean species, PER in Lomentaria is always absent from the polar regions (it is absent from the poles in Batrachosperum at anaphase but was present at metaphase). Instead, mitochondria are seen at the metaphase and anaphase poles. It is possible that the polar mitochondrial aggregation could serve in place of a "capping" PER to function as a nuclear-cytoplasmic barrier. This specialized mitochondrial aggregation at the cytoplasm-nucleoplasm border has also been observed during mitosis in the unicellular red alga Flintiella, which, however, lacks PER (ScoTT in press).
The prometaphase events in Lomentaria have not been observed before in a red alga. In all ceramialean species studied the NE becomes fenestrated at the poles in late prometaphase as MTs become evident in the nucleus.
In Porphyridium, a single prometaphase invagination devoid of MTs ruptures and leaves a wide gap in the NE under each NAO. Both Batrachospermum and Flintiella form invaginations on the sides of their NAOs which develop into channels containing NE-bound MTs. The channels transect the nucleus before breaking down, again leaving a single gap at each pole. Our evidence suggests that Lomentaria, like Batraehospermum, forms an invagination on two sides of each PR. The invaginations or "pockets", however, stop at a depth similar to that seen in Porphyridium and subsequently rupture. Unlike Batrachospermum and Ftintietla, where all the NE between the two channels at each pole breaks down leaving one wide gap, a NE fragment between the two invaginations appears persistent in Lomentaria.
The two initially small gaps most likely enlarge irregularly to cover a large portion of the polar region. This is revealed in a series of thin sections as a polar region with either one gap, two gaps separated by a central NE fragment, or less frequently as one or two gaps with other small NE pieces. Nuclear envelope pocket formation and rupture is seen in some fungi and in a brown alga. Three chytridfungi, Harpoehytrium (WmsLER and TRAVLAD 1973) , Phlycto~ chytrium irregulare (MCNITT 1973) , Rhizophydium spherotheca (PowELL 1980) and the brown alga Pylaiella littoralis (MARKEY and Wince 1975) similarly display spindle incursions where a single pocket with MTs forms directly below the centrioles at late prophase. It seems probable that growing MTs exert a force on the NE resulting in the initial formation of pockets. Subsequent rupture creates polar gaps through which MTs enter the nucleus (FULLER 1976 , HEATH 1978 . This mechanism of pocket formation does not occur in the hemiascomycete Taphrina (HEATH et al. 1983) , nor in the red alga Porphyridium. Only after the rupture of the single polar invagination of Taphrina and Porphyridium were MTs seen in this region, apparently entering the nucleus. The paired pockets at the poles of Lomentaria appear to lack conspicuous MTs, although it should be noted that the presence of MTs could have been missed since only one cell, although serially sectioned, was observed at this stage of mitosis. Unlike Taphrina and Porphyridium, MTs do not sharply converge at the poles. Instead, they terminate broadly at the junction of cytoplasm and nucleoplasm. Most likely, spindle MTs in Lomentaria are derived from the inner region of this boundary, as in other higher red algae, and therefore are not explicitly of extranuclear origin. The function of the large gaps in this genus and the smaller, more numerous fenestrations in the Ceramiales species is not conclusively known. However, it is quite feasible that these two types of relatively large polar interruptions of the NE might Figs. [16] [17] [18] [19] allow spindle precursor material to enter the prometaphase nucleus at a faster rate than entrance through the much smaller nuclear pores would permit. This investigation of a species within an advanced order outside the Ceramiales shows some noteworthy variations on the basic Polysiphonia type of mitosis, the most significant of which are the polar events at prometaphase. Mitosis in Lomentaria may represent an evolutionary intermediate between that seen in the species of the most advanced florideophycean order, the Ceramiales, and the genus Batrachospermum from the more primitive florideophycean order, the Nemaliales.
It would be beneficial now to examine mitosis within the other families of the Rhodyrneniales. As more mitotic studies of red algae are completed, it is hoped that the minor variations such as found here between closely related orders, in addition to the more obvious differences seen between members of more distantly related groups, may prove to be taxonomically valid criteria in red algal classification.
